Abstract-An analytical model for the reliability of a dedicated short-range communication (DSRC) control channel (CCH) to handle safety applications in vehicular ad hoc networks (VANETs) is proposed. Specifically, the model enables the determination of the probability of receiving status and safety messages from all vehicles within a transmitter's range and vehicles up to a certain distance, respectively. The proposed model is built based on a new mobility model that takes into account the vehicle's follow-on safety rule to derive accurately the relationship between the average vehicle speed and density. Moreover, the model takes into consideration 1) the impact of mobility on the density of vehicles around the transmitter, 2) the impact of the transmitter's and receiver's speeds on the system reliability, 3) the impact of channel fading by modeling the communication range as a random variable, and 4) the hidden terminal problem and transmission collisions from neighboring vehicles. It is shown that the current specifications of the DSRC may lead to severe performance degradation in dense and high-mobility conditions. Therefore, an adaptive algorithm is introduced to increase system reliability in terms of the probability of successful reception of the packet and the delay of emergency messages in a harsh vehicular environment. The proposed model and the enhancement algorithm are validated by simulation using realistic vehicular traces.
from the enhanced distributed channel access (EDCA) [2] . In this technology, there are four access classes (ACs) with different arbitration interframe space numbers (AIFSNs) to insure less waiting time for high-priority packets, as listed in Table I .
The DSRC is licensed at 5.9 GHz with a 75-MHz spectrum, which is divided into seven 10-MHz channels and a 5-MHz guard band. The control channel (CCH) will be used for safety applications, whereas the other six channels, called service channels (SCHs), will be used for infotainment or commercial applications to make this technology more cost effective. Vehicles will synchronize the switching between the CCH and one or more of the SCHs; hence, safety-related messages would not be missed or lost. The synchronization interval (SI) contains a CCH interval (CCI), followed by a SCH interval [3] . Increasing the CCI will enhance the reliability of safety applications and challenge the coexistence of both safety and nonsafety applications on the DSRC.
The VANET is a self-organizing network that works on both intervehicle communication (IVC) and vehicle-toinfrastructure communication. In this paper, IVC is taken into consideration, where vehicles will be equipped with sensors and Global Positioning Systems to collect information about their position, speed, acceleration, and direction to be broadcasted to all vehicles within their range. These status messages should be periodically broadcasted in every CCI. In IEEE 802.11p, vehicles will not send any acknowledgement for the broadcasted packets. Therefore, the transmitter cannot detect the failure of the packet reception; hence, the transmitter will not retransmit it. This is a serious problem in collision warning applications where all vehicles behind the accident have to receive the warning message successfully in a short time to avoid chain collisions. This problem motivates us to propose an analytical model for assessing the DSRC reliability and delay, taking into account the multipath fading channel in VANETs, vehicles' high mobility, hidden terminal problems, and transmission collisions. More specifically, the probability of successfully receiving the status messages from all vehicles around the tagged vehicle, the probability of receiving the safety (or emergency) messages from all vehicles up to a certain distance behind the accident scene, and the delay for 0018-9545 © 2013 IEEE that safety messages to reach their intended recipients will be studied, assuming unsaturated conditions. The proposed model is built based on a new mobility model that takes into account the vehicle's follow-on safety rule to derive accurately the relationship between vehicle's speed and network density.
It is shown that the current specifications of the DSRC may lead to severe performance degradation in dense and highmobility conditions. Therefore, a new adaptive and mobilitybased algorithm (AMBA) is introduced to increase the system reliability in terms of the probability of successful reception of packets and the time delay of emergency messages in a harsh vehicular environment.
II. RELATED WORK
The MAC protocol of IEEE 802.11p [1] is based on the distributed coordination function of IEEE 802.11, which has been investigated extensively in the literature, analytically, and by simulations. Simulation-based analysis of the IEEE 802.11p shows that, as the network density increases, the system latency increases, and the packet successful reception rate decreases [5] - [10] . To ensure a successful reception of emergency messages, Torrent-Moreno et al. [7] and Vaneenennaam et al. [8] introduced an algorithm to control the load of periodic status messages. The channel access delay of the DSRC has been analyzed in [9] and compared with a self-organizing timedivision multiple-access scheme, which has been proven more suitable for VANETs' real-time applications. In [10] , Wang and Hassan proposed a framework for sharing the DSRC between vehicular safety and nonsafety applications. By assuming uniform distribution of vehicles on the road, their simulations show that nonsafety applications may have to be severely restricted, such that safety applications are not compromised, particularly in high-density networks.
Many analytical models have been proposed to study the DSRC or, in general, the IEEE 802.11 MAC protocol. Although DSRC is based on IEEE 802.11 and EDCA, the unicast analytical models for IEEE 802.11 [11] and EDCA [12] , [13] cannot be used for broadcast communication mode in IEEE 802.11p because no acknowledgment is communicated. Therefore, the transmitter cannot detect a collision from a successful transmission. In [14] , a 1-D Markov chain has been used to calculate the delay and the reception rate in VANETs without including the delay in each stage due to a busy channel. Eichler [15] analyzed the DSRC based on the average delay for each AC without taking into account the back-off delay. An analytical model that accounts for the mutual influence among nodes in a multichannel environment and the broadcast message frequency has been proposed in [16] . In this model, Campolo et al. assumed the static distribution of vehicles on the road with no hidden terminals. Moreover, they did not take into account how the vehicle speed affects the network density; hence, there is a need to throttle the message transmission frequency to increase the successful reception rate. In [17] , an analytical model for the performance of delivering vehicular safety messages is proposed, without taking into account the mobility of vehicles. This model considers only the neighborhood of a single roadside unit operating in a nonsaturation traffic regime.
A 2-D Markov chain is used in [18] to model the impact of the differentiated AIFS on a stationary vehicular scenario in an urban intersection. They assume a fixed number of vehicles within the range of the transmitter and have not included vehicle mobility in their model. In [19] and [20] , Ma and Chen and Ma and Wu studied the saturation performance of the broadcast scheme in VANETs, taking into account the consecutive freeze situation of the back-off counter. They assume saturation conditions, i.e., stationary distribution without considering the impact of vehicle mobility on the system performance. In [21] , an analytical model for delivering safety messages within IVC is derived. They assume a perfect channel access and have not accounted for the hidden terminal problem, collision probability, and vehicle mobility. Hassan et al. [22] studied the performance of IEEE 802.11p based on the delay of status packets by modeling each vehicle as an M/G/1 queue with an infinite buffer, without taking vehicle mobility into consideration. In [23] , Fallah et al. analyzed the effect of different sets of data rates and communication ranges on the performance of the DSRC safety applications. They derive the probability of successful reception without taking the busy channel probability in each back-off stage. They introduced a power control algorithm based only on the average channel occupancy to change only the used communication range. As the channel occupancy increases, they decrease the communication range to maintain an acceptable channel capacity. We will compare their algorithm and the one we have proposed in the analysis and simulation sections.
The connectivity in VANETs has been studied in [24] - [26] based on the assumption that vehicles have a uniform stationary distribution without including VANET mobility. By assuming that vehicle positions are known by either simulation or observation, Jim and Recker in [27] presented an analytical model for VANETs. A mobility model has been derived in [28] , considering the arrival of vehicles to a service area as a Poisson distribution. Abuelela et al. [29] derived the probability of the end-to-end connectivity between clusters of vehicles distributed uniformly on the road. They introduce a new opportunistic packet-relaying protocol that switches between data muling and local routing with the help of vehicles on the other direction. In contrast to our mobility model, all of these models do not consider how the speed of transmitters and receivers affect the connectivity and the packet reception rates.
The mobility model is a crucial part in analyzing and testing VANET applications. Modeling vehicle mobility is quite challenging since the movement of each vehicle is constrained by many factors such as road topology, movements of neighbor vehicles, information on the messaging signs along the road, and driver's reactions to these factors. In [30] , a set of movement changes is introduced, such as changing lanes, slowing down, or even changing routes, to allow a micromobility behavior control. In [31] , Sommer and Dressler argued that coupling more than one simulator is an important step toward a realistic VANET mobility model. Therefore, we built our simulations by coupling the mobility model (MOVE) [32] with the microtraffic simulator Simulation of Urban MObility (SUMO) [33] , to produce realistic vehicle movement traces for the network simulator ns-2 [34] .
In this paper, we propose an analytical model for the analysis of broadcast services in the DSRC protocol, taking into account the high dynamics of vehicles, the hidden terminal problem, collision probability, and nonsaturation conditions. We also derive the delay for emergency messages to reach their intended recipients. The new analysis is based on a new mobility model that takes into account the vehicle's follow-on safety rule to derive accurately the relationship between the vehicles' density and their speeds. The new mobility model considers how the speeds of transmitters and receivers affect the connectivity and the packet reception rates. It also has the capacity to handle the sudden increase in vehicles' density (from jam, accident, or other events) to keep safe distance between vehicles. The packet reception rate is derived, taking into account the interdistance between the transmitter and all potential receivers and their speeds. The proposed model uses a Markov chain approach, which includes the probability of a busy channel in each state, to derive the probability of transmitting status packets and their delay. An adaptive and mobility-aware algorithm is introduced to enhance the performance of VANETs. Simulation results show that the proposed model is quite accurate, and the proposed algorithm enhances the DSRC performance compared with other algorithms in the literature.
III. SYSTEM MODEL AND PERFORMANCE PARAMETERS
In the safety applications of VANETs, vehicles broadcast two types of messages: warning (event driven) and status messages. While warning messages usually contain safety-related information, status messages are periodically sent to all vehicles within their range and contain vehicle's state information such as speed, acceleration, direction, and position. Therefore, emergency messages will use AC3 since it has the highest priority, as listed in Table I , whereas status messages will use AC0.
In our model, vehicles generate their status messages at a rate of λ s , which implies that the length of the SI is SI = 1/λ s [8] . We assume that all packets have the same length of L bits, and the whole SI is dedicated to safety applications, i.e., CCI = SI. Each vehicle will randomly choose a slot within the SI to transmit its status packet, whereas emergency packets are sent only during emergencies, such as an accident or warning from hazards or jam on the road ahead. Based on these assumptions, we analyze the DSRC protocol to find the smallest channel interval that maximizes the reliability of safety applications, resulting in achieving high probability of successfully receiving a status message from each vehicle within this interval.
It is assumed that all vehicles have the same transmitting power P t , and each vehicle successfully receives the signal if the received power is higher than a certain threshold P th . Since fading is a major characteristic of the VANET channel, the received signal power is random; therefore, the communication range is also a random variable. The cumulative distribution function (cdf) of the communication range F R (r) and its mean E[R] will be derived in the following. Table II lists all notations for the proposed analytical model.
In the following, different parameters that affect the IEEE802.11p performance will be analyzed. The communication range and the mobility model are first studied to derive the distribution of vehicles on the road that will affect the link availability and duration of connection between vehicles. It also determines the population size of vehicles within the transmitter's range and the number of vehicles in the two interfering (hidden terminal) areas. The effect of the transmitter's and receiver's speed, the contention window, and the carrier sense range on the successful reception rate of packets is then derived.
A. Communication Range
Since VANETs have many moving and stationary objects that can reflect, scatter, diffract or even block the signals, the received signal by any vehicle is composed of many reflected signals with randomly distributed amplitudes and phases. Recently, many studies have paid more attention to the vehicleto-vehicle channel propagation models. In [5] , we showed that the fading channel in VANETs can be characterized by Rician distribution for short distances and tends toward Rayleigh distribution for large distances. Therefore, the Nakagami fading distribution whose parameters can be adjusted to fit a variety of empirical measurements and can model Rayleigh and Rician distributions is used. The Nakagami model has a probability density function (pdf) of the received signal power x [35] as
where Γ(·) is the Gamma function; P r = P t K/r α is the average received power; r is the distance in meters; α is the path-loss exponent;
2 ; C is the speed of light; f c = 5.9 GHz is the carrier frequency, and G t and G r are the transmitter's and receiver's antenna gains, respectively; and m is the fading factor. For m = 1, the Nakagami distribution reduces to Rayleigh distribution, and for m = (k + 1)
2 /(2k + 1), it approximates a Rician distribution with parameter k, which is the ratio of power in the line of sight to the power in the non-line of sight.
From (1), we can calculate the cdf of the communication range when the received power is greater than the threshold P th as
Substituting (1) in (2) and let u = (mx)/P r , the cdf can be written as
By using
the cdf can be written as
Pr .
(4)
The average value of the communication range E[R] (or R) can be derived as
Substituting (4) in (5) and integrating over the limits, we have
To derive the average carrier sense range E[L CS ] where nodes can sense the packet but could not receive it, the same procedure as in (6) is followed, except for the received power threshold P CS , which will be defined as a percentage of the threshold P th as P CS = ρP th , where ρ ∈ (0, 1]. Therefore, the expected carrier sense range will be
B. Mobility Model
Although some of the previous models in the literature neglect the effect of vehicle speed on the successful reception of a single packet, it is still of paramount importance to consider it on the successful reception of status and emergency packets. A small fraction of a second could prevent a fatal accident to occur if the following vehicle managed to stop at least 1 mm from the front vehicle. Vehicles continuously go in and out of the tagged vehicle's communication range. Moreover, in some cases and due to the large number of vehicles, the message could be propagated to all recipients in a multihop fashion, which may increase the time that the message could spend on the MAC layer before it can be delivered without collisions.
The proposed VANET mobility model is built based on a one-way multilane highway segment [36] . Since the communication range is much larger than the width of the road, the network in each direction of the road is simplified as a 1-D VANET, as shown in Fig. 1 . Vehicles will follow the direction of the road with a speed uniformly distributed between V min and V max with mean μ = (V min + V max )/2 and variance
In this model, we are interested in the distribution of vehicles on the road, number of vehicles N c around the transmitter (contention region), and the number of vehicles N h in the hidden terminal areas (interference region).
In this model, an arbitrary starting point of the highway is first defined. The number of vehicles that cross the starting point in each lane (assume the road has N l lanes) is modeled as a Poisson process with average rate β i vehicles/s for the ith lane, and β = N l i=0 β i is the total number of vehicles per second that cross that point. Empirical studies [37] show that the Poisson process is a sufficiently accurate assumption for modeling the vehicle arrival process in a highway scenario. It is assumed that vehicles independently move of each other; hence, according to the central limit theorem, the total distance that a vehicle travels during an interval of (0, t) approaches a normal distribution, and the distance between two vehicles crossing the starting point with time difference τ d also has normal distribution. Based on this conclusion, the probability of having two vehicles within the communication range of each other is derived [36] .
To find the probability of having N c vehicles within the range of any tagged vehicle, the mobility model is extended to include the minimum safety distance between vehicles in each lane (t ssecond rule). This means that the following vehicle traveling with speed V j has to keep a safe distance d th from the vehicle in front, such that d th > V j t s , to avoid an accident if the vehicle in front suddenly stops. This minimum distance is a random variable and depends on the following vehicle's speed V j if fixed t s is assumed, which is the response time for a driver to react on a sudden incident. Moreover, the following two cases are considered.
The first case is when the number of vehicles that cross the defined reference point is small such that the interarrival time (τ d = 1/β i ) between vehicles in the ith lane is larger than t s . In this case, the probability of having N c i = k vehicles within the communication range of the tagged vehicle (i.e., within a distance of 2R) in the ith lane is Poisson distributed [36] as
and the average number of vehicles around the tagged vehicle in the ith lane is
The probability of having N h i = k vehicles within the carrier sense range of the tagged vehicle is
The second case is when the number of vehicles that cross the reference point is large such that the interarrival time between the two following vehicles is less than the safety time t s . As a consequence, the interdistance between two neighboring vehicles in one lane is less than the threshold distance as
where V f and V j are the in-front and following vehicles' speeds on the ith lane, respectively. In this case, the following vehicle has to reduce its speed to avoid an accident. To derive an expression for this reduction in speed, the system is modeled as a single-server Poisson arrival queue, as shown in Fig. 2 . A vehicle is immediately served if the server is empty, and its service time S will be
On the other hand, if a vehicle finds that another one is being served (i.e., reducing its speed to maintain the threshold distance), the new vehicle would wait in the queue for time B 1 until the first one finishes the service, i.e., the distance that the vehicle traveled is equal to d th . If another vehicle arrives during time S, it will wait in the queue until all vehicles in front of it have been served, i.e., the distance between any two neighboring vehicles is at least equal to d th . After that, vehicles would move according to new speed limits, which reflect this increase in the interdistances between vehicles. Since the arrival time is Poisson with rate β i , the number of vehicles N (s) that will arrive during the time S has Poisson distribution, and the server busy time can be modeled as
However, for given S,
i=1 B i is a compound Poisson distribution, and its mean E[B] can be derived as
To derive E[S], it is seen from (12) that S has a ratio distribution, and its mean value is
Define a random variable Z = V j /V f , which has values in the interval (V min /V max , V max /V min ); hence, the pdf of Z can be written as
Therefore, E[Z] can be derived as
Substituting (17) in (15), we have
Substituting (18) in (14), the average server busy time is
Equation (19) represents the average time that a vehicle will wait in the queue, such that the interdistance between two following vehicles in one lane is greater than or equal to the threshold distance d th . To reflect this waiting time on the real scenario on the road, vehicles in our model will proportionally reduce their speed with E[B], which is normalized by the number of lanes, and the maximum and current average speeds as μ v = (N l μ)/μ new . Initially, μ new = μ and will decrease as the vehicle density increases. Intuitively, increasing the number of lanes on the road will give the drivers more options to change lane and to keep the same speed. At the same time, decreasing the vehicles speed compared with the initial average speed will increase the interarrival time between vehicles, resulting to a decrease in the server busy time. It is clear that the more waiting time, the more reduction in the average speed of all following vehicles until it reaches zero speed, defined as a jam state. In this state, vehicles will come to a complete stop or move at a speed close to zero. Therefore, it is assumed that each vehicle occupies a space of 10 m on average, which is the maximum vehicle density a road lane can handle. The new speeds and their mean are given, respectively, as
where ε ∈ (0, 1] is the fraction of vehicles that follow the following distance safety rule. For example, if ε = 0.8, this means that 80% of the vehicles on the road will follow this rule. This percentage will vary from country to country and from city to city; even each lane on a road could have a different value.
From the new values of the maximum and minimum vehicle speeds in (20) and (21) 
From ( 
C. Link Availability Probability
Two vehicles can communicate only if they are within the communication range of each other. Therefore, the probability of successfully receiving a packet depends on the relative speed between the sender and the receiver, the packet transmission time, and the transmitter's range R. Assume initially that the receiver is at an arbitrary distance from the transmitter but within the communication range at the beginning of the packet transmission. Let d 1 be the distance of the receiver from the sender, which is moving in the same direction of the sender, as shown in Fig. 1 . Then, the pdf of this distance is f d 1 (x) = 1/2R. Since the status packet transmission time T t is very short, assume that the vehicle's speed will not change during this time period. If the receiver is at distance d 1 from the sender, then its new location from the sender at the end of the packet transmission is d n = d 1 + (v x − v t )T t , where v t and v x are the transmitter's and receiver's speeds, respectively. Therefore, the probability P l that a vehicle, which is traveling in the same direction, will successfully receive the packet is when its d n is still within the transmitter's range as
From (25), if the receiver's speed v x ≥ v t , then the vehicles located at distances less than −R at the time of transmission are not considered. Therefore, the probability P l1 that a vehicle traveling at a higher speed than the transmitter will successfully receive the packet is given by
On the other hand, if the receiver's speed v x < v t , then vehicles located at distances greater than R at the time of transmission are not considered. Therefore, probability P l2 that a vehicle traveling in lower speed than the transmitter will successfully receive the packet is given by
Since a vehicle traveling at a speed lower than the transmitting vehicle's speed with probability γ = (v t − v min )/(v max − v min ), the probability P ls (v t ) that a vehicle traveling in the same direction as the transmitting vehicle will successfully receive the packet is given by
Integrating (28) over the range v t ∈ [v min , v max ] yields the average probability P l as 
D. Back-Off Process and Contention Window
In [38] , we constructed a model for the back-off counter process of the IEEE 802.11p, assuming unsaturated conditions, as shown in Fig. 3 . If a vehicle has a status packet, it will initially wait for a period of AIFS = AIFSN · before it can broadcast the packet, where AIFS is the arbitration interframe space for status packet's AC (chosen here as AC 0 ); AIFSN is the AIFSN associated with this class, as listed in Table I ; and = 13 μs is the length of the time slot [1] . If the channel is sensed busy (with probability p) during the AIFS time, the AC will uniformly and randomly choose contention window W o from [0, . . . , W s ] as a back-off counter, where W s is the minimum contention window associated with this class (AC 0 ). At any time slot during the back-off process with probability (1 − p), the AC decrements its back-off counter if it senses an idle channel; otherwise, it freezes the counter and waits for the whole period of the ongoing transmission (T t = L/r d + AIFS · + δ) until the channel is idle again before decrementing its counter, where p is the conditional busy channel probability seen by a packet about to be transmitted and independent from any other vehicle, δ is the propagation delay, and r d is the data rate. Once the back-off counter reaches the zero state, the AC broadcasts the packet. There will be no subsequent retransmissions if the packet collides; hence, the packet is lost.
By solving the discrete Markov chain in [38] , it is found that the probability τ s that a vehicle transmits a status packet in a randomly selected slot is
where λ s is the probability that a vehicle is ready to transmit in that time slot. If at least one vehicle within the carrier sense range is transmitting a packet in the same time slot when the channel is sensed busy, p can be expressed as
The Newton-Raphson method is used to solve (30) and (31) since the system has a unique solution in the range of p ∈ [0, 1], as shown in Section VI.
The average delay E[T ss ] for status packets to be transmitted from the time it was ready at the MAC layer can be derived from the Markov chain in Fig. 3 and detailed in [38] as
E. Probability of Successful Reception
To derive the probability of successful reception, it is assumed that concurrent transmissions will cause a collision at the receiver. The vehicles that are located at distances higher than the communication range will not cause a collision at the receiver. Therefore, for successful reception by another vehicle located within the tagged vehicle's range R, it is imperative that no vehicle within its carrier sense range (2E[L CS ]) (or within the maximum 4R if E[L CS ] > 2R) will transmit in the same time slot in which the tagged vehicle is transmitting. At the same time, vehicles within the interfering areas, which are at maximum equal to
should not transmit during the vulnerable interval of unslotted ALOHA, which is equal to two transmission periods weighted by the time slot T v = 2T t / . The transmitted packet has also to be error free, and the received signal strength has to be higher than the threshold P th that has been accounted for in the derivation of the average communication and carrier sense ranges in (6) and (7), respectively. Moreover, the vehicle has to stay within the range of the transmitting vehicle for the whole communication period. Putting all these conditions together, the probability of successful reception P s that a vehicle within the communication range of the tagged vehicle successfully receive the status packet can be written as
where
) is the contention area, and
is the hidden terminal area and can be calculated from (8) . Therefore, P s can be simplified as
This probability expresses the reliability of the designed system. The higher the success rate, the more vehicles will successfully receive the emergency and status packets, which will increase the drivers' awareness of potential dangers on the road ahead.
IV. EMERGENCY TIME DELAY
Here, the case when a vehicle encounters an emergency situation, such as an accident, lane change, or slowing down below a certain threshold speed, is analyzed. The vehicle that is involved in an emergency situation will send an emergency packet to all vehicles behind it who will select another vehicle as a relay node to rebroadcast the message to its neighbors. The emergency message continues to propagate until it reaches a certain distance D defined within the message itself. The vehicle uses the high-priority AC AC3 to send the emergency message after sensing an idle channel for an AIFSN · s, where AIFSN = 2 for this class, as listed in Table I . If the channel is sensed busy, the AC selects a contention window from the range [0, W e ], where W e = 3 in this case, and starts decrementing this counter, as in the Markov chain in Fig. 3 . Therefore, the probability τ e that the emergency message will be sent can be derived by analyzing the Markov chain, as in (30) 
The average delay E[T se ] for the emergency packet to be transmitted from the time it was ready at the MAC layer can also be derived as in (32) as follows:
Once the vehicles located within the transmitter's range receive the emergency message, they have to rebroadcast the message to the next hop. The algorithm of selecting the best relay vehicle is based on the network topology persistence protocol (NTPP) algorithm proposed in [39] , where vehicles calculate their probability of retransmitting the message and their waiting time based on their distance from the transmitter and the vehicle density. The farthest vehicle from the transmitter will have higher retransmitting probability P tr and less waiting time T w as
where d is the interdistance between the transmitter and the potential relay vehicle, β/μ is the current vehicle density, and N l /10 is the maximum vehicle density, i.e., the jam scenario (For more information on deriving (37) and (38), see (39) , shown at the bottom of the page).
To derive the total travel time for the emergency message to reach the distance D, it is required to find the location of the farthest relay vehicle to the transmitter that successfully receives the message and the time it waits before it retransmits the message to the next hop. Assuming that the relay vehicle is located at distance d from the transmitter as in Fig. 4 , then the probability P rec that this relay vehicle will successfully receive the message (assuming that the message is transmitted with probability τ e ) can be derived in two cases. The first case is when 0 ≤ d ≤ L CS − R; in this case, the relay vehicle would successfully receive the message when all vehicles (34) as (39). It is obvious that the farther the relay vehicle is, the less number of hops the emergency message will travel and have less travel delay. However, as d increases, the relay vehicle is more vulnerable to the hidden terminal problem, particularly in high-density scenarios. Therefore, a condition of receiving the emergency message with probability P rec (d) ≥ 90% is applied to find the average interdistance d of the relay vehicle from the transmitter. Since this relay vehicle has a retransmission probability of P tr (d), its average waiting time until it transmits the emergency message is T w (d)/P tr (d). The average number of hops that the emergency message will travel to reach its intended distance D is D/d . Therefore, the average emergencymessage travel time to reach a distance D is
V. ADAPTIVE AND MOBILITY-BASED ALGORITHM FOR ENHANCING VEHICULAR AD HOC NETWORK PERFORMANCE From the given analysis, it can be seen that there are many conflicting parameters that affect the system reliability and its success rate. Keeping these parameters with fixed values as specified in the standard [1] will result in undesired performance, particularly in a harsh vehicular environment where vehicles are moving in a very high speed and their density on the road is changing very frequently. That is, in a matter of seconds, the vehicle density could change from light density to the jam scenario. Therefore, vehicles have to change their sending rate λ s , communication range R or transmission power, carrier sense range L CS , and/or their minimum contention window size W s based on the situation on the road to increase the success rate and reliability of VANETs.
Therefore, a new AMBA in which vehicles change their parameters according to their density and average speed on the road, pertaining to the following assumptions, is proposed.
1) The vehicles know their current average speed V c and their maximum allowed speed V max on the road. 2) The maximum communication range (or the maximum transmission power) is set to R max , and the minimum communication range is set to R min , which is used in the jam scenario. Vehicles will execute the AMBA algorithm every T alg s, where they sense the vehicle's density from their current average speed and compare it with the maximum speed V max . The pseudocode of the AMBA algorithm is shown as Algorithm 1. The smaller the current vehicle's average speed within the previous time period T alg , the higher the vehicle density will be around that vehicle based on the proposed mobility model. The algorithm divides the range (R max −R min ) into ten steps. Each time that the vehicle speed is dropped by a tenth of its maximum speed V max , it will reduce its range and set the other parameters accordingly. The vehicle will calculate its delay T b from the time it was ready to transmit its status packet until the time the packet is transmitted. If the new value of T b is higher than its previous one by ψ = 10%, the vehicle will increase its minimum contention window size W s c . On the other hand, if T b is smaller than its previous value by ψ = 10%, it will decrease its W s c . Otherwise, it will keep it the same. The carrier sense range is also set according to the sensed density. When the vehicle's density is high (average speed drops below 30% V max ), the carrier sense range is decreased to decrease the waiting time for each vehicle to send its status message. Although decreasing the carrier sense range will increase the hidden terminal area, the algorithm deals with this problem by decreasing the communication range. Therefore, the AMBA algorithm allows more vehicles to send their status messages within the SI with a high successful reception rate.
Algorithm 1 AMBA to set VANETs' parameters according to the vehicles' density on the road. Here, the DSRC performance will be analyzed based on the probability of successful reception derived in (34) . All vehicles send their status messages, except for one vehicle, which will send an emergency message. The time it takes for that emergency message to propagate to a certain distance (3000 m) is of interest. It is assumed that all vehicles are synchronized to the CCI all the time, and the generation time of each status packet is uniformly distributed over that interval.
Initial setup
To validate the model, we use ns2 [34] with realistic mobility models generated by MOVE [32] , which is built on top of the microtraffic simulator SUMO [33] that has the most realistic mobility traces for VANETs [40] . The trace file realistically evaluates and generates the motion behavior of vehicles on the highway where vehicles could change lane and speed, and could take over other vehicles in front of them. The simulation setup is a one directional highway segment of 4000 m in length with four lanes. The vehicles' speed ranges from 80-120 km/h, which is typical for Ontario highways.
The Nakagami-m propagation model is used, which has two distance dependent parameters: the fading factor m and the average power Ω. Torrent-Moreno et al. [41] performed a maximum-likelihood estimation of m and Ω for a vehicular highway scenario. They found that Ω decreases as the distance to the receiver increases as expected from the average power in the deterministic models, i.e., by d −2 . On the other hand, fading parameter m = 3 is selected for short interdistance between the transmitter and the receiver (d ≤ 50) since the line-of-sight conditions is expected, and then, decrease it to m = 1.5 for medium distances (50 < d ≤ 100), and make it as Rayleigh distributed, i.e., m = 1 for longer distances. Ω is set in each interval to be the average power calculated from a free-space propagation model; hence, receivers located within 100 m of the transmitter will receive the signal with Rician distribution, whereas others will have Rayleigh distribution. Since the receiver in ns2 will receive the signal if its power is higher than the threshold P th , the transmitting power is set such that the receiving power at the communication range R is the threshold P th as per (6) , and the carrier sense range E[L CS ] is as in (7) . Each simulation is performed for a period of 300 s of real time. Table III lists the simulation parameters used, unless a change is mentioned explicitly.
To compare the accuracy of the proposed mobility model with mobility models based on Poisson distribution, the average number of vehicles within the transmitter's range is plotted in Fig. 5 as a function of the vehicles' arrival rate. Note that the Poisson models do not take into account the follow-on safety rule, the increase in vehicles arrival rate, or the maximum road capacity. From the numerical results in Fig. 5 , it is shown that the proposed model is more accurate in predicting the number of vehicles around the transmitter than other models that use only one Poisson distribution. It can be seen that, as the number of vehicles arriving at the reference point increases, the number of vehicles will start to deviate from the old model assumption until it reaches a point where it stays constant. This is the jam scenario case where vehicles start to backlog on the road, decreasing the interdistance between them as a result of decreasing their speed. This is also obvious in Fig. 6 , which shows how vehicles' average speed and density are affected by the increase in their arrival rate.
The following four metrics are defined to evaluate the accuracy of the proposed model and reliability of the DSRC protocol in VANETs: 1) the effective communication range, which is the range at which most vehicles (95%) that are located around the transmitter will receive the transmitted message successfully and compare it with the communication range derived from (6); 2) the success rate, which is the number of vehicles that receives the transmitted packet successfully divided by the total number of vehicles that is within the range of the transmitter and compare it with (34); 3) the average delay for a vehicle to send its status message and compare it with the delay derived in (32); and 4) the system reliability, which is the percentage of vehicles that managed to send their status messages successfully within any SI.
The results shown in Figs. 7-10 are based on the vehicle density and average speed corresponding to the density extracted in Fig. 6 . Specifically, Figs. 7-10 show, respectively, the effective communication range, the success rate, status packet delay, and the reliability versus the vehicle density for different generation rates of status packets. It is obvious that, as the vehicle density increases, the effective range and success rate will decrease. At the same time, the status packet delay will increase, resulting in decreasing the system reliability since the number of vehicles that have the chance to send their status messages will decrease. This means that not all vehicles get the chance to access the channel and send their status packets. To improve system reliability, the status packet generation rate is reduced from 10 to 5 and then to 2 packets/s. This improves the system reliability and success rate, but it is still below the threshold of 95%, particularly when the vehicle density is high. To meet this threshold for any vehicle density, vehicles have to reduce their communication range based on Fig. 7 .
Figs. 11-14 show, respectively, the effective communication range, the success rate, status packet delay, and the reliability versus the vehicle density for different carrier sense ranges. The carrier sense range is increased by decreasing the carrier sense power or the parameter ρ. By decreasing ρ from 1 to 0.25, the carrier sense range doubles that of the communication range. It is evident that increasing the carrier sense range will increase the contention region and decrease the hidden terminal region. Therefore, increasing the carrier sense range will increase the success rate and the system reliability for fixed vehicle density, as shown in Figs. 12 and 14, respectively. As a consequence, the effective communication range will increase, as shown in Fig. 11 . At the same time, vehicles will take longer time to access the channel, as shown in Fig. 13 , due to the increase in the number of vehicles contending for the channel. As a result, the number of vehicles that has the chance to send their status messages will decrease and can be observed from the difference between Figs. 12 and 14.
To find the impact of the minimum contention window size W s on VANETs, W s is increased from 15 to 1023 and the success rate, status packet delay, and the reliability for different vehicle densities are plotted in Figs. 15-17 , respectively. It is shown that increasing the minimum contention window will decrease the probability of packet collisions between vehicles, which is obvious in Fig 15, since the successful rate increases by the increase in W s . It is also shown that there is an optimal value of W s , which gives the maximum success rate since increasing it would not further result in much of an increase in the success rate. At the same time, the status packet delay will increase dramatically by increasing W s , particularly when the vehicle density is high. This may result in decreasing the system reliability since not many vehicles might have the chance to send their status messages, as shown in Fig. 17 .
To evaluate the effect of the AMBA algorithm on the reliability of VANETs, the main simulation parameters, as in Table III , are applied, and let one vehicle send an emergency packet, which should propagate for a distance of 3000 m behind the transmitter. This emergency message will be rebroadcasted in every hop based on the NTPP algorithm described in [39] . Figs. 18 and 19 show, respectively, the delay until the emergency message reaches the intended distance and the percentage of vehicles that received it successfully with and without using the AMBA algorithm. We compare the proposed AMBA algorithm with the adaptive traffic beacon (ATB) in [42] and the algorithm in [23] . It is clear that the proposed AMBA outperforms the other algorithms since AMBA adapts not only the beaconing interval, as in ATB, but the communication and carrier sense ranges based on the average vehicle density as well. It can be seen that the time needed for the emergency message to reach the intended distance increases as the vehicle density increases due to the increase in channel contention and collisions. Adapting the AMBA algorithm results in increasing the emergency delay even more because the vehicles would decrease their communication range as the vehicle density increases. It is also clear that the simulated delay is close to the theoretical value derived from (40) . On the other hand, adapting the new algorithm increases the system reliability dramatically, particularly in a high-density scenario, as shown in Fig. 19 . This means that more vehicles will be informed of the emergency on the road ahead, although it arrives late but within tolerable delay, as defined in [43] . This is also clear in Fig. 20 , which shows the complementary cdf (ccdf) of the interarrival time of status messages versus the number of time slots with and without the use of the AMBA algorithm and compare it with the algorithm proposed in [23] . By using the AMBA algorithm, the interarrival time between status messages decreases; therefore, more vehicles will have the chance to send their status messages during the CCI. It is obvious that the AMBA algorithm outperforms the one proposed by [23] since the AMBA algorithm not only adapts the communication range as in [23] but changes the carrier sense range and the sending rate of status messages as well, based on the network density. Therefore, the AMBA algorithm mitigates the effect of the hidden terminal problem and the network congestion in a distributed manner more properly than the algorithm in [23] .
VII. CONCLUSION
In this paper, an analytical model has been presented to analyze the reliability of the IEEE 802.11p in VANETs' safety and warning applications. The analysis is based on a new mobility model in which the relationship among vehicle density, speed, and the follow-on distance rule is derived. In the analysis, several factors have been considered, such as the impact of mobility on the link availability between the transmitter and the receiver, the distribution of vehicles on the road, and the average number of vehicles within the range of the transmitter. The proposed model is built on the fact that vehicles are broadcasting their status messages within the SI and model each vehicle as a 1-D Markov chain, including the channel busy probability in every state. The effective maximum communication range that can be used in certain conditions to achieve a certain successful rate is shown analytically and by simulation. It is shown from the analytical and simulation results that the current DSRC specifications may lead to undesirable performance under harsh vehicular environments. Therefore, a new adaptive algorithm, AMBA, is introduced to enhance VANET's reliability. By using the AMBA algorithm, vehicles are able to estimate the vehicle density and change their transmission parameters accordingly based on their current average speed to enhance VANETs' performance. The simulation results, which coincide with the analytical results, show that the proposed model is quite accurate in calculating the system reliability, and the proposed AMBA algorithm has high performance compared with other algorithms.
